Diffracted magneto-optical Kerr effect ͑MOKE͒ technique was used to study the quasistatic magnetization switching of thin-film permalloy ring structures. Two different switching mechanisms were observed, dependent on the width of the annular portion of the ring. For small widths, a two-step switching is found, from an initial onion state to a state of circulation magnetization around the ring to a final onion state. In the wider rings, the switching from the circulation state to the onion state takes place via nucleation of a vortex within the annulus. The presence of the vortex is determined by the higher spatial frequency information revealed by diffracted MOKE, and through comparison with micromagnetic simulation.
I. INTRODUCTION
Since the proposal of making ultrahigh-density magnetic logic devices using ring-shaped magnetic multilayers, 1 there have been many studies on micrometer-and submicrometersized ferromagnetic and exchanged-biased rings. [2] [3] [4] [5] [6] [7] [8] Compared to disk-shaped magnetic structures, in the ring the switching process is proposed to be much simpler as there is no vortex core. 9, 10 The switching process in the ring structure is usually characterized by switching from a circulation state to an "onion" state or from an onion state to a circulation state. 2 These two states are shown schematically as the insets in Fig. 2͑a͒ . Recent experimental observations find that the switching process is more complicated than originally proposed, [5] [6] [7] as different metastable or stable magnetization configurations can be formed when the size of the ring approaches a few hundred nanometers. 5 The magnetic structure of the rings is also material dependent. Even for micrometersized elements, depending on the thickness and width of the ring, multiple switching processes can occur. 6 In this paper, we present a study of ring structures in the size regime generally believed to follow simple switching ͑from circulation to onion͒. Hysteresis loop measurements using the diffracted magneto-optical Kerr effect ͑D-MOKE͒ make it clear that there is multiple-step switching even though the conventional MOKE measurement suggests simple two-step switching.
II. EXPERIMENTAL TECHNIQUE
MOKE hysteresis measurements are a widely used technique to characterize nanomagnet arrays. 11 For period arrays, the specimen also behaves as a diffraction grating. The magneto-optical effect measured at a diffraction spot is called D-MOKE. 12, 13 In comparison with conventional MOKE, the signal in D-MOKE is sensitive to the finite spatial frequencies of the magnetic-moment configuration, and therefore, additional useful information can be extracted. In this paper, the longitudinal Kerr effect is used to monitor the magnetization of electron-beam-patterned permalloy The measurement is illustrated schematically in Fig. 1͑c͒ . The optical incidence angle is about 20°, and the polarization direction of the incident beam is perpendicular to the plane of incidence. The series of diffracted spots in the incidence plane is studied. sition fields. Figure 2͑a͒ is the conventional MOKE hysteresis loop. During each sweep of the magnetic field, there are two transitions. The low-field step ͑around 0.8 kA/ m͒ corresponds to the switching from an onion state to a circulation magnetization, while the higher field value ͑40 kA/ m͒ corresponds to the switching from the circulation state to the reversed onion state. The first-order and the third-order D-MOKE signals have shapes similar to the conventional MOKE hysteresis loop, but the third-order curve is harder to saturate. After switching at the second transition, the magnetization is not yet fully aligned along the external field direction, and the third-order MOKE is more sensitive to the unsaturated magnetization. The second-order hysteresis loop is significantly different from the other curves, as after switching the Kerr signal drops. This has to do with the symmetry or asymmetry of the magnetization in the ring array.
III. RESULTS AND DISCUSSION
Quantitative interpretation of the D-MOKE data is nontrivial, as the diffraction signal contains the magnetization configuration and spatial arrangement of the rings. 12, 13 As a good approximation, the D-MOKE signal can be considered as the nth Fourier component of the magnetization distribution. In the longitudinal Kerr effect configuration, the magneto-optical signal is therefore approximately proportional to the real part of the Fourier transform,
where G is the reciprocal lattice vector of the array, m x is the component of the magnetization parallel to the external field direction, and the integral is for a unit cell of the array. 12 To explain the experimental observation for higher-diffractionorder MOKE curves, micromagnetic modeling was performed. The magnetic-moment configuration of a single ring in response to an external magnetic field is used to calculate the Kerr signal of higher diffraction orders based on Eq. ͑1͒. 12 In this approach, both the magnetostatic coupling and the variance of individual ring shapes across the array are neglected. Micromagnetic simulations were performed using a home-developed three-dimensional code.
14 Figure 3͑a͒ shows the net magnetic moment along the field direction as a function of the external magnetic field. In comparison with Fig. 2͑a͒ , both results show similar switching fields. The micromagnetic simulation also indicates that the switching is from an onion state to a circulation state and then back to an onion state. The difference between these two curves is that the transition obtained from the simulation is abrupt, while the experimental result is broad. This is attributable to the fact that the polydispersity of the rings is not taken into account in the simulation. The calculated hysteresis loops at higher orders are shown in Figs. 3͑b͒-3͑d͒, and are also consistent with the experimental results. In the above simulation, the issue of coupling between neighboring rings is neglected, as we assume that the coupling will only offset the switching field due to dipolar interaction when a magnetic field is applied, but does not change the switching mechanism. For a closely packed ring array, however, the coupling has to be taken into consideration.
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Depending upon the ring size and the width, the switching behavior can be very different. The conventional MOKE hysteresis loop of the 700-nm-sized ring array is shown in Fig. 4͑a͒ . As indicated by the arrow, there is another feature in addition to the previous transitions, where the magnetization gradually approaches saturation. Such a process has also been observed in conventional MOKE measurements on cobalt rings. 7 The gradual change of the Kerr signal is more visible in the second-order MOKE hysteresis curves. As shown in Fig. 4͑b͒ , demarcated by the arrows, there are two transitions in this region ͑a rapid decrease of the magnetic signal is followed by a rapid increase, close to saturation, at a higher field͒ which suggest that an additional stable or metastable magnetic state exists in this field range. To elucidate this observation, we also performed micromagnetic simulation. Figure 4͑c͒ shows the hysteresis loop obtained through simulation of a single ring, while Fig. 4͑d͒ is the calculated Kerr effect at second-order diffraction. The results agree well with the experiment. The magnetization configurations obtained by simulation as a function of the external magnetic field are shown in Fig. 5 . For a small bias field, the magnetization is in a circulation state. When the bias field reaches a critical value, a vortex is nucleated at the inner side of the ring, then moves perpendicular to the field direction toward the outside of the ring, and is fairly stable at an intermediate position. A much larger field is required to expel this vortex from the annulus. In contrast, the 1-m-sized narrow ring array does not show this additional switching step. For a sufficiently narrow ring the vortex is not stable, whereas within the wider annulus it can exist with a lower total energy than a locally uniform magnetization.
These comparisons between D-MOKE and micromagnetic simulation yield a much more compelling description of the switching behavior in small structures than that from the results of conventional MOKE alone. In addition, D-MOKE at higher order makes subtle features more apparent, as the higher order is more sensitive to the unsaturated magnetization and is sensitive to the symmetry of the magnetic moment within the structure. As a further example, Fig.  4͑e͒ plots the conventional MOKE of a 2.1-m-sized, ring with an inner diameter of 850 nm. This kind of curve is often interpreted as switching from onion to circulation to onion, 4 even though the zeroth order curve does not close at a higher field. If we plot the second-order MOKE curve, as shown in Fig. 4͑f͒ , it is clearly seen that there is an additional switching process at a higher field. Three switching fields are indicated by arrows in the figure. The switching process can be interpreted as the same switching behavior as the 700-nm-sized wide ring.
IV. CONCLUSION
D-MOKE has been used to study the switching behavior of different-sized micromagnetic rings. An intermediate stage is observed where a vortex is present within the annulus, especially evident in higher-order MOKE curves. This process easily occurs when the width of the ring is much larger than the exchange length of the magnetic material. This work in UA was supported by grants from NSERC of Canada, CIAR, iCORE, Alberta Ingenuity Fund, and the CRC program. One of the authors ͑V.M.͒ acknowledges the support by NSF Grant Nos. ECS-0202780 and DMR-0210519 for work in UIC.
